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A fuel gas reformer assembly for use in a fuel cell power plant includes 
fuel gas passages (2), which contain a particulate alumina packing (12) in 
which a vaporized steam-hydrocarbon fuel stream mixture is heated. The 
walls (4) of the passages (2) have an alumina coating which protects the 
walls (4) from corrosion. The coating (4) and packing (12) are overlain 
by an alkaline earth metal oxide layer that limits carbon build-up on the 
surfaces of the walls (4) and prevents premature clogging of the passages 
(2). Tire carbon build-up-limiting layer is formed on components of the 
reformer passages -by applying a water-based slurry of alkaline earth metal 
compounds to the reformer passage surfaces, and then drying the slurry to 
solidify it. The coated packing material (14) is operative to convert any free 
carbon remaining in the gas stream to carbon dioxide, or carbon monoxide, 
thereby further limiting carbon deposition in the assembly. 
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Inhibition of Carbon Deposition on Fuel Gas Steam Reformer Walls 


Technical Field 

This invention relates to a fuel gas steam reformer assemblage and a method for 
forming the same. More particularly, this invention relates to a fuel gas steam reformer 
5 assemblage wherein the reformer gas passages are washcoated with a composite 
carbon-resistant alumina and alkaline earth metal oxide coating. 

Background Art 

Fuel cell power plants include fuel gas steam reformers which are operable to 
catalytically convert a fuel gas, such as natural gas or heavier hydrocarbons, into the 
10 primary constituents of hydrogen and carbon dioxide. The conversion involves passing 
a mixture of the fuel gas and steam through a catalytic bed which is heated to a 
reforming temperature which varies depending upon the fuel being reformed. Catalysts 
typically used are nickel catalysts which are deposited on alumina pellets. There are 
three types of reformers most commonly used for providing a hydrogen-rich gas stream 
15 to fuel cell power plants. In addition, hydrocarbon fuels may be converted a hydrogen- 
rich gas stream by use of a partial oxidation reaction apparatus. These are a tubular 
thermal steam reformer, an autothermal reformer, and a catalyzed wall reformer. A 
typical tubular thermal steam reformer will consist of a plurality of reaction tubes which 
are contained in a housing that is insulated for heat retention. The reaction tubes are 
20 heated by burning excess fuel gas in the housing and passing the burner gas over the 
reaction tubes. The reforming temperature is in the range of about 1,250°F to about 
1,600°F. The individual reaction tubes will typically include a central exhaust passage 
surrounded by an annular entry passage. The entry passage is filled with the catalyzed 
alumina pellets, and a fuel gas-steam manifold is operable to deliver the fuel gas-steam 
25 mixture to the bottom of each of the entry passages whereupon the fuel gas-steam 
mixture flows through the catalyst beds. The resultant heated mixture of mostly 
hydrogen and carbon dioxide gas then flows through the central exhaust passages in 
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each tube so as to assist in heating the inner portions of each of the annular catalyst 
beds; and thence from the reformer for further processing and utilization. 

A typical autothermal reformer may be a single bed or a multiple bed tubular assembly. 

5 Autothermal reformers are often used when higher operation temperatures are required 
for the reforming process because the fuel to be processed is more difficult to reform. In 
an autothermal reformer, the reaction gasses are heated by burning excess fuel within 
the reaction bed by adding air to the fuel and steam mixture so that the remaining fuel- 
steam mixture is increased to the temperature necessary for the fuel processing 
10 reaction. Typically, wall temperatures in an autothermal reformer are in the range of 
about 1,400°F to about 1,800°F. Such tubular reformers are disclosed in U.S. Patent 
No. 4,098,587. 

A third type of prior art reformers have utilized catalyzed wall passages such as 
disclosed in U. S. Patent No. 5,733,347. Such reformers are formed from a sandwich of 
15 essentially flat plates with intervening corrugated plates which form reformer gas 

passages and adjacent regenerator-heat exchanger passages. Each of the reformer 
passage plate units is disposed directly adjacent to a burner passage plate unit so that 
the adjacent reformer and burner passages share a common wall. 

Besides the reformer devices described above, a partial oxidation reaction apparatus 
20 may also be used to produce a hydrogen-rich fuel stream. This device is typically a 
chamber that is fed a hydrocarbon fuel, steam and oxidant source, usually air, so that 
the mixture spontaneously partially oxidizes to form a hydrogen-rich mixture. Such 
devices, for example, are disclosed in PCT application WO 98/08771. 

Each of the aforesaid prior art reformer structures may suffer from carbon buildup and 
25 deposition on the surfaces of internal components of the reformer assemblies. Carbon 
buildup will clog the gas passages of the reformer ultimately, and will limit the effective 
service life of the reformer and thus the fuel cell power plant assembly which includes 
the reformer. It would obviously be desirable to produce reformer assembly 
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components, and a method for forming such components, which would result in a 
reformer assembly which would be resistant to carbon build-up on surfaces of the 
reformer. 


Disclosure of the Invention 

5 This invention relates to a composite coating, and a method for forming the same, for 
use in fuel cell steam reformer assemblies which will result in decreased or no carbon 
deposition on reformer components that are covered by the composite coating. The 
composite coating includes an underlying alumina component and an outermost carbon 
formation-inhibiting metal oxide component. The reformer assembly will have it’s interior 
10 steel walls coated with the alumina component, and the alumina component will have an 
amorphous or polycrystalline metal oxide layer formed over the underlying alumina 
component. Certain passages in the reformer assembly can also be provided with a 
metal oxide particulate bed that promotes the conversion of carbon in the steam-fuel 
mixture to carbon monoxide, which is subsequently converted to carbon dioxide. 

15 The metal oxide which is used for the carbon deposition-inhibiting coating is preferably 
an alkaline earth metal oxide such as CaO or MgO; mixtures of alkaline earth metal 
oxides such as (CaO) x (MgO) Y . where “X” and “Y” are numbers between 0 and about 1; 
an alkaline earth metal oxide substituted with an alkali metal oxide such as Na x Ca (1 _ 

X )0, wherein “X” is a number between 0 and about 0.2; a rare earth oxide such as 
20 La 2 0 3 or Ce0 2 ; a rare earth oxide substituted with other rare earths, such as Gd x Ce(-|_ 

X )0 2 , wherein “X” is a number between 0 and about 0.2; a rare earth substituted with 

alkaline earths such as (CaO) x -La 2 0 3 ; and/or metals from the Periodic Table Group VI11 

transition metals, such as (Ni0) x -La 2 0 3 , wherein “X” is a number between 0 and about 
1 . 0 . 
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Typical compositions are as follows: 

TABLE 1 

Co mpound _ Examples _ Tested Values _ Range of Values 

alkaline earth metal oxides _(CaO) x -(MaO)y_pu re X and Y are between 0 0 and 

about 1.0 

substituted alkaline earth Na x Ca (1 _ X) 0 0.08 X is between 0.0 and 

about 0.2 
metal oxides 


rare earth oxides _ CeO ? or La 2 C >3 pure 

rare earth oxides substituted Gd x Ce (1 . X) 0 2 X is between 0.0 and 

about 0.2 

with rare earths 

rare earth oxides substituted (Ca0) x -La 9 0 3 n9 Y • , K n n 

' ' A ^ J 0.2 X is between 0.0 and about 

1.0 

with alkaline earths 

rare earth oxides substituted (Ni0) x -La 2 0 3 0.15 X is between 0.0 and about 

1.0 

with group VIII transition metals 

The metal oxide coating will be formed as an amorphous or polycrystalline coating which 
is derived from a solution of a nitrate, acetate or citrate salt of the metal which is 
dissolved in water, and in which a hydroxide of the metal is suspended to form the 
slurry. The hydroxide may be added as a metal hydroxide or formed by addition of less 
than a stoichiometric amount of a base such as NaOH or NH 4 OH to the solution which 
may result in a slurry or a sol-gel mixture with a percentage of soluble salts in the 
solution. A small amount of a surfactant is added to the slurry to aid in the dispersion of 
the hydroxide and increase the wetting of the reformer surfaces in question by the slurry. 

In order to form a calcium oxide coating, Ca(OH) 2 solid is mixed with a concentrated 
solution of Ca(N0 3 ) 2 -5 H 2 0 to form the slurry. To form a lanthanum-nickel oxide 
coating, a solution of nickel acetate and lanthanum nitrate is made with the desired 
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cation ration. The slurry is made by adding ammonium hydroxide which co-precipitates 
a portion of the nickel and lanthanum as a hydroxide. Often, the precipitate initially 
occurs as a sol-gel which, upon standing, ripens into a slurry. The reformer surfaces in 
question may be coated by the suspension in either the sol-gel state or the slurry state. 

5 Subsequent heat treatment of the coating will convert the coating to a polycrystalline or 
amorphous form. When proper proportions of the nitrate and the hydroxide are used, 
the resultant amorphous coating, when dried, will not chip or flake off of the underlying 
alumina layer. By utilizing the aforesaid carbon-inhibiting coating, carbon deposition on 
the walls of the reformer passages from the fuel being processed is greatly reduced, or 
10 eliminated. 

Certain of the passages may also be provided with a metal oxide particulate constituent 
which is operable to convert carbon in the fuel-steam stream to carbon oxides. The 
metal oxide particulate material can take the form of pellets, typically spheres, rings or 
cylinders which are coated with calcium oxide, or any of the aforementioned 
15 compounds. The carbon conversion reaction in question is as follows: 

C + 2 H 2 0 -> C0 2 + 2 H 2 

It is therefore an object of this invention to provide an improved carbon deposition- 
inhibiting coating for a reformer assembly, and a reformer assembly which includes the 
20 improved coating. 

It is another object of this invention to provide a method for forming a flaking and spall- 
resistant carbon deposition-resistant coating on walls of a fuel gas-steam stream conduit 
in a fuel cell fuel gas reformer assembly. 

Brief Description of the Drawings 

25 These and other objects and advantages of this invention will become readily apparent 
to one skilled in the art from the following detailed description of a preferred embodiment 
of the invention when taken in conjunction with the accompanying drawings in which: 
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FIG. 1 is a fragmented cross-sectional drawing of a fuel gas reformer passage which is 
formed in accordance with this invention; and 

FIG. 2 is a fragmented enlarged sectional view of the side wall of the passage of FIG. 1 
showing the coatings deposited on the interior of the passage wall. 

5 Specific Mode For Carrying Out The Invention 

Referring now to the drawings, there is shown in FIG. 1 a fragmented cross-sectional 
view of a portion of a fuel processing assembly passage denoted generally by the 
numeral 2, which forms a part of a fuel-steam mixture reformer assembly component in 
a typical fuel cell power plant that has been adapted in accordance with this invention. 

10 The walls 4 of the reformer passages 2 are preferably formed from an aluminized steel 
material, or a steel based alloy containing aluminum. As seen in FIG. 2, the interior 
surfaces 6 of the reformer passage walls 4 are provided with a coating 8 of alumina 
which serves to protect the steel from corrosion. The aluminized coating 8 is formed by 
a conventional aluminizing process, as described in ASTMB875, and the addition of the 
15 heat treating step which is performed at about 1,825°F for a time period in the range of 
about two to about twelve hours. The aluminization and subsequent heat treatment 
steps combine to form a continuous adherent porous aluminum oxide coating on the 
steel. Such a surface is an ideal surface upon which to deposit a carbon deposition- 
inhibiting alkaline earth metal oxide material layer. 

20 Selected portions of the porous alumina coating 8 are overlain and penetrated by an 
amorphous layer 10 of calcium oxide; magnesium oxide; a lanthanum-nickel oxide 
composite; alkali metal-substituted alkaline earth metal oxides such as sodium- 
substituted calcium oxide; and the like. The layer 10 is operable to retard or prevent 
carbon from depositing directly from the fuel-steam stream onto the heated walls of the 
25 passages 2 during reformer operation. 

Passages 2 of a length required to raise the gas to the reformer inlet temperature will be 
filled with a particulate packing bed 12 which is formed from metal oxide pellets 14 of: 
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calcium oxide coated onto an alumina substrate; a calcium oxide/iron oxide composite 
coated onto an alumina substrate; or other compounds, as noted above. 

The following is a description of a method for forming the desired carbon-inhibiting layer 
in the flow passages 2. Calcium nitrate is very soluble in water, while calcium hydroxide 
5 is not. Calcium nitrate, alone, forms a waxy hygroscopic solid. Calcium hydroxide alone 
forms a white crystalline powder. This invention operates in a best mode with a certain 
concentration of calcium hydroxide-to-calcium nitrate, at which concentration, a slurry of 
the calcium hydroxide, in a solution of the calcium nitrate in water, gels and solidifies 
when heated. 

10 Calcium hydroxide powder was added to a calcium nitrate solution to form a slurry. The 
slurry was painted onto the tube surfaces to be coated. As the temperature was raised, 
the calcium hydroxide solubility increased while the solution lost water, and thus was 
concentrated. Together, calcium nitrate and calcium hydroxide form a solid, amorphous 
or polycrystalline coating which is desirable. 

15 Exemplary details of the aforesaid procedure are as follows. About five hundred grams 
of Ca(N0 3 ) 2 -4H 2 0 (calcium nitrate tetrahydrate) were mixed with about three hundred 

thirty grams of distilled water in a one liter wide mouth plastic bottle. About 0.3 grams of 
concentrated HN0 3 was added to the aforesaid mixture. The solution was cooled and 
mixed until the tetrahydrate was dissolved in the water and acid. About sixty six grams 
20 of Ca(OH) 2 were added to the water-acid-tetrahydrate solution, and the resultant mixture 
was shaken whereupon the mixture gelled, and then became fluid after standing for 
about one to two hours at room temperature. About 1.3 to about 1.4 grams of the 
surfactant “TRITON X-100” was added to the fluid mixture and the mixture was shaken 
well before using. The reformer tubes to be coated were washed with a Liquinox® 

25 detergent and then wetted with water. The washed tubes were scoured with a beaker 
brush. The washed and scoured tubes were rinsed in water (about 30° to about 40°C). 
The uniformly wetted tubes were dried at a temperature of 240°F, and cooled to room 
temperature. The surface to be coated was then painted with the slurry, using a wetted 
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paint brush so as to minimize the amount of foam from the slurry. A thin coat was 
applied and excess liquid was removed with a dry paint brush. The coated parts were 
then heated to a temperature of 110°C in an air oven, making sure to allow the coating 
to reach the aforesaid temperature. The dried coated parts were then stored in an 
5 atmosphere having a relative humidity of less than 60%. 

If the ratio of nitrate-to-hydroxide in the slurry is too high, a waxy coating is obtained. A 
ratio of 20-to-1 nitrate-to-hydroxide produces waxy coatings. If the aforesaid ratio is too 
low, then powdery coatings are obtained. A ratio of 16-to-1 nitrate-to-hydroxide 
produces powdery coatings. A ratio of 18-to-1 nitrate-to-hydroxide results in a clear 
10 amorphous coating which is solid to the touch, and which, when heated to the 
decomposition temperature, i.e., greater than about 1,380°F, does not spall. 

Since many changes and variations of the disclosed embodiment of the invention may 
be made without departing from the inventive concept, it is not intended to limit the 
invention other than as required by the appended claims. 
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Claims 

1. A hydrocarbon fuel gas steam reformer assembly comprising one or more fuel 
gas passages for receiving a mixture of fuel gas and steam, said fuel gas 
passages being provided with an alumina coating which protects an interior of 
said fuel gas passages against corrosion,.and at least portions of said alumina 

5 coating being overlain by a coating of an alkaline earth metal oxide which coating 

inhibits carbon deposition in said fuel gas passages. 

2. The reformer assembly of Claim 1 wherein said gas passages include an outer 
steel or steel alloy component. 

3. The reformer assembly of Claim 1 wherein said alumina coating is porous. 

4. The reformer assembly of Claim 3 wherein said metal oxide coating penetrates 
pores in said alumina coating. 

5. The reformer assembly of Claim 1 wherein said alkaline earth metal oxide is CaO, 
MgO, (CaO)X.(MgO)Y and wherein X and Y are in the range of 0 to about 1.0. 

6. A method for forming a carbon deposition-resistant component which is designed 
for use in a hydrocarbon fuel reformer, said method comprising the steps of: 

a) providing a component which has an alumina surface; 

b) providing a solution of one of an alkaline earth metal compound and an 

5 alkaline earth metal oxide; 

c) coating said component with said solution; and 

d) heating said coated component so as to convert said solution into an 
amorphous or polycrystalline coating on said alumina surface. 

7. The method of Claim 6 wherein said alumina surface is porous and said solution 
penetrates said porous alumina surface so as to bind firmly to the latter. 
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The method of Claim / wherein said solution is a solution of soluble salts 
containing alkaline earth metal ions. 
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[57] ABSTRACT 

A novel miector,'reactor apparatus and an efficient process 
for the prtial oxidation of light hydrocarbon gases, such as. 
methane, to convert such gases to useful synthesis gas for 
subsequent hydrocarbon synthesis. Sources of a light hydro¬ 
carbon gas. such as methane, and oxygen or an oxygen- 
containing gas are preheated and pressurized and injected 
through an injector means at high velocity into admixture 
with each other in the desired proportions, preferably at 
comparable monientums, at a plurality of mixing nozzles 
which are open to the reaction zone of a reactor and are 
spaced over the face of the injector, to form a reactant gas 
premix having a pressure drop equal to at least 1% of the 
lowest upstream pressure of either of said gas streams. The 
gas premix is ejected in a time period which preferably is 
less than 9 milliseconds, at a velocity between about 25 to 
1000 feet.second, into a reaction zone comprising a partial 
oxidation zone, so that the gas mixture reacts therein. The 
partially-oxidized effluent is then passed into a steam 
reforming catalyst zone to reduce the amounts of CCL, H 2 0 
and heat produced by the partial oxidation reaction to form 
the useful svngas, which is cooled, recovered and/or further 
processe. 1 

40 Claims, 3 Drawing Sheets 
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MULTI-INJECTOR AUTOTHERMAL 
REFORMING PROCESS AND APPARATUS 
FOR PRODUCING SYNTHESIS GAS (LAW 
565). 

BACKGROUND OI- THE INVENTION 

Field of the Invention 

The present invention relates to improvements in pro¬ 
cesses and apparatus for producing synthesis gas, or syngas, 
from Light hydrocarbon gas such as methane or natural gas 
by the partial oxidation and autothermal steam reforming 
thereof. Such syngas, comprising a mixture of carbon mon¬ 
oxide and hydrogen, is useful for the preparation of a variety 
of other valuable chemical compounds, such as by applica¬ 
tion of the Fischer-Tropsch process. 

l"he combustion stoichiometry of methane gas at 1000° F. 
is highly exothermic and produces CO- and ILO according 
to the following reaction: 

ch^+:o,->co,+:h,o 
(-190.3kcal/g mol CHJ. 

The formed gases are not useful for the production of 
valuable chemical compounds, and the high temperatures 
generated present problems with respect to reactors and 
catalysts which would be required to produce valuable 
products from the formed gases. 

It is known to produce useful gases, known as synthesis 
gases or syngases, by partial oxidation of methane and other 
Eght hydrocarbon gases, by steam or C02 reforming of 
methane and other light hydrocarbon gases, or by some 
combination of these two chemistries. The partial oxidation 
reaction of methane is a less highly exothermic reaction 
which, depending upon the relative proportions of the meth¬ 
ane and oxygen and the reaction conditions, can proceed 
according to the following stoichiometry: 

2CH.,+20.=2C0+2iU+2H ; ,0 
(-64kcal/g mol CII.,.) 

2CH 4 +1.50,-2CO+3H.+ lH,O 

(-34.9 keal/g mol CH,.) 
or 

2CH,+Oj*®c:o+4n ; .+on,o 
(-5.7kcaEg mol CI1 4 .) 

It Ls most desirable to enable the partial oxidation reaction 
to proceed according to the latter reaction in order to 
produce the most valuable syngas and minimize the amount 
of heat produced, thereby protecting the apparatus and the 
catalyst bed, and to reduce the formation of steam, thereby 
increasing the yield of hydrogen and carbon monoxide, and 
enabling the steam-reforming reaction to convert any steam 
and hydrogen into useful syngas components. 

Conventional syngas-generating processes include the gas 
phase partial oxidation process (GPOX), the autothermal 
reforming process (ATR), the fluid bed syngas generation 
process (FBSG), the catalytic partial oxidation process 
(CPO) and various processes for steam reforming. Each of 
these processes has advantages and disadvantages when 
compared to each other. 

The GPOX process, illustrated for example by U.S. Pat. 
No. 5292,246; UK Application GB 2202321A and EPO 
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Application 0 312 133, involves the oxidation of the feed 
hydrocarbon gaseous, liquid or solid form, in the gas phase 
rather than on a catalyst surface. The individual components 
are introduced at a burner where they meet in a diffusion 
5 flame, which produces over-oxidation and excessive heat 
generation. Idle gas may be preheated and pressurized, to 
reduce the reaction time. 

The ATR process and the FBSG process involve a com¬ 
bination of gas phase partial oxidation and steam reforming 
in chemistry. 

In the conventional ATR process, illustrated for example 
by U.S. Pat. No. 5,492,649 and Canadian Application 2,153, 
3(4, the hydrocarbon feed and the oxygen feed, and option¬ 
ally steam, are heated, and mixed in a diffusion flame at the 
15 outlet of a single large coaxial burner or injector which 
discharges into a gas phase, oxidation zone. 'Rie gases are 
reacted in the gas phase in the partial oxidation combustion 
zone, and then flow into a large bed of steam reforming 
catalyst, such as large catalyst pellets, or a monolithic body- 
20 or ceramic foam, to catalyze the steam reforming reaction. 
'Die entire hydrocarbon conversion is completed by a single 
reactor aided by internal combustion. 'Idle burner is the key- 
element because it mixes the feedslreams in a turbulent 
diffusion flame. The reaction products are introduced to the 
25 fixed bed catalyst zone, preferably of large catalyst pellets, 
at high temperatures from the combustion zone, due to the 
over-oxidation which occurs in the diffusion flame of the 
burner, where the oxygen and hydrocarbon gas meet The 
diffusion flame includes oxygen-rich and hydrocarbon-rich 
30 zones. These result in both complete combustion and sub¬ 
stantially higher temperatures, in the oxvgen-rich zones, and 
hydrocarbon cracking and soot-formation, in the 
hydrocarbon-rich zones. 

In the AIK process, the gases are intended to react before 
35 they reach the catalyst, i.e., the oxidation chemistry occurs 
in die gas phase, and only the steam reforming chemistry 
occurs in the catalytic bed. In fact, long residence times are 
required because diffusion flames are initiated with a large 
amount of over-oxidation, accompanied by a large amount 
so ot heat. Thus, time is required for the relatively slow-, 
endothermic gas phase steam reforming reactions to cool the 
gas enough to prevent thermal damage to the catalyst 

The gas phase partial oxidation and steam reforming 
chemistry employed in the FBSG and the Autothermal 
45 Reforming (ATR) process have very similar material bal¬ 
ance when using similar feed. However, ATR is limited in 
size by the scaleability of its injector design, and the 
more-scalable FBSG is economically debited by the cost of 
fluid solids and dust cleanup and by the expense of replacing 
50 agglomerated and/or eroded catalyst. The dust comprises 
catalyst fines due to catalyst attrition in the bed, and these 
tines are expensive to clean out of the syngas. While the 
chemistry is correct, these two processes have significant 
drawbacks. Both require very large reactors. For FBSG there 
55 is a significant expense in fluid solids management. For 
Autothermal Reforming there is a large and problematic 
methane/oxygen feed nozzle. 

In tlic autothermal reforming process, the methane and 
oxygen-containing gases are mixed and reacted in a diffu- 
oO sion flame, and the oxidized effluent is passed into a steam 
reforming zone for steam reforming of the effluent in the 
presence of a fixed arrangement of a conventional steam 
reforming catalyst, such as a fixed catalyst bed or a ceramic 
foam or monolith carrier impregnated with a steam reform- 
65 ing catalyst. 

The high temperature in the catalytic reforming zone 
places great demands on the reforming catalyst, which must 
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withstand these conditions and be capable of substantially 
retaining its catalytic activity and stability over many years 
of use. 

Conventional steam-reforming catalysts, or autothermal 
or combined reforming catalyst, can be described as being 
selected Irom the group consisting ot uranium. Group V'lI 
metals, and Group VIII noble and non-noble metals. Metals 
may be used in combination with each other and with other 
metals such as lanthanum and cerium. G"he metals are 
generally supported on thermally-slable inorganic refractory 
oxides. Preferred catalyst metals are the Group VIII metals, 
particularly nickel. In the case ol nickel, any nickel- 
cootaicing material is useful, e g. nickel supported on alpha 
alumina, nickel aluminate materials, nickel oxide, and pref¬ 
erably a supported nickel containing material. 

Support materials include u-alumina, aluminosilicates, 
cement, and magnesia. Alumina materials, particularly fused 
tabular alumina are particularly uselui as catalyst support. 
Preferred catalyst supports may be (Group II metal oxides, 
rare earth oxides, a-alumina, modified a-aluminas, : 
a-alumina-containingoxides, h e x a - a 1 u mi nates, 
Ca-aluminate, or magnesium-alumina spinel. In some cases, 
cataiysts aie stabilized by addition ot a binder, for example 
calcium aluminum oxide. Silicon Dioxide level in the cata¬ 
lyst is preferred to be maintained at a very low level, e.g. less 2 
than O.j wt % to avoid volatilization and fouling of down¬ 
stream equipment. 

Die shape of the catalyst earner particles may varv 
considerably. Raschig rings 16 mm in diameter and height 
having a single 6-8 mm hole in the middle are well known 3 
in the art. Other forms, such as saddles, stars, and spoked 
wheels are commercially available. 

According to the autothermal steam reforming process of 
U.S. Pat. No. 5,492,649 the production of high amounts of 
carbon or soot in the diffusion fame oxidation step is 3 : 
avoided by mixing the methane gas with the oxidizer gas 
while swirling the latter at the injection nozzle to provide a 
large number of mixing points in the diffusion flame. 
However, such process still produces the partial oxidation 
reaction in a diffusion flame, which results in overoxidation 4 t 
and an excessively high temperature effluent which can 
damage the steam reforming catalyst and the face of the 
injector. 

According to Canadian Application 2,153304, the for¬ 
mation of soot is avoided or reduced bv reducing the molar 43 
feed ratio of steam to carbon to increase the steam reforming 
temperature between about 1100° to 1300° C„ and/or by 
introducing the gaseous hydrocarbon feed in increments. 

SUMMARY OF THE INVENTION 

5° 

dfie present invention relates to a novel compact appara¬ 
tus and an efficient autothermal reforming process for the 
partial oxidation and steam reforming of light hydrocarbon 
gases to convert the gases, such as methane, to useful 
synthesis gas at moderate HUGO ratios desired for subsc- Jy 
quent hydrocarbon synthesis. The essence of the present 
process involves providing sources of a light hydrocarbon 
gas containing C : to C 4 alkanes, such as methane, and 
oxygen or an oxygen-containing gas, preheating and pres¬ 
surizing said gases, and injecting said individual gases at 60 
high velocity through a plurality of isolated small passages 
of an injector manifold, into impingement and admixture 
with each other to form a gaseous premix having a pressure 
drop (AP) which is more than Iff lower, preferably more 
than about 3% lower and possibly more than about 5 9o lower 6 s 
than the lowest upstream pressure (P j of either of the gases 
relative to the gas pressure (PJ in the inlet to the partial 
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oxidation zone, and having the desired stoichiometric molar 
proportions, cog., oxygen (O-) to carbon (C) molar ratio of 
from about O.o to 0.8 mole of oxygen per mole of carbon, 
preferably 0,45-0.70 to 1.0, at a plurality of injection 
? nozzles or microjet cups which are open to a gas phase 
partial oxidation reaction zone and are spaced over the face 
surface of an injector, preferably of the type used in the 
rocket or aerospace industry. Ihe gaseous premix is injected 
into the partial oxidation reaction zone within a maximum 
10 residence lime after impingement at the injector nozzles or 
cups which is shorter than the autoignition time delay of the 
gaseous premix and preferably is less than 9 milliseconds, 
more preferably less than 2 milliseconds and most prefer¬ 
ably less than 0.5 millisecond, and at a high velocity such as 
15 about 25 and 1000 ft/sec, preferably 50 and 500 fusee and 
most preferably between 50 and 300 ft/sec, into a combus¬ 
tion or reaction zone comprising a gas phase partial oxida¬ 
tion zone The partially oxidized gaseous premix effluent is 
then passed into a steam reforming catalyst bed or a catalyst 
:o retained in a fixed arrangement, such as into the catalytic 
passages of a parallel-pore ceramic or metallic monolith, or 
a ceramic or metallic foam monolith, in which any hydro¬ 
carbons remaining in the effluent from the partial oxidation 
reaction zone are converted with the aid of the steam 
5 reforming catalyst. 

The partial oxidation reaction occurs before or simulta¬ 
neously with the autoignition time delay of the gaseous 
premix, to reduce the amounts of CO,, H,0 and heat 
produced by the partial oxidation reaction lo favor the 
3 desired stoichiometry, i.e., 

*3CO+4H,+OH.O-5.7kcal/g mol CH. 

The present process and apparatus represents an improved 
autothermal reforming (ATR) process by premixing the light 
' hydrocarbon fuel gas and the oxidizing gas to., form a 
gaseous premix having a pressure which is at least 19c lower 
than the lowest upstream pressure of either gas, and 
preferably, substantially reducing the delay time between the 
mixing of the preheated, pressurized reactant gases in the 
I desired stoichiometric amounts and the introduction of the 
homogeneous gaseous premix to the gas phase oxidation 
zone. 

rhe feeding of the gaseous premix feed to the gas phase 
oxidation zone avoids the problems of over-oxidation and 
soot formation, as occurs in the conventional ATR process 
where the gases are first mixed in a diffusion flame, while the 
reduced delay time, or duration of existence of the formed 
stoichiometric gaseous premix, prior to controlled reaction, 
avoids the dangers presented by the explosive nature of a' 
preheated mixture of oxygen and methane. 

Ihe present process and apparatus enables the partial 
oxidation reaction to be completed while the bulk of the 
gaseous premix is in the gas phase POX zone as a homo¬ 
geneous and stoichiometric mixture, since a uniform gas¬ 
eous premix can be formed at and ejected from each of the 
plurality of ejector nozzles or cups which are distributed 
over the wide diameter injector face corresponding to the 
width of the diameter of the entry face of the gas phase 
partial oxidation zone, thereby avoiding the introduction of 
bulk gaseous streams which are oxygen-lean or oxygen-rich, 
which can interfere with the desired stoichiometric reaction 
and can result in hot spots which can burn or sinter the 
downstream catalyst and/or destroy the solid monolith 
carrier, and/or damage the face of the injector or the walls of 
the reactor. 

In one embodiment of the present invention, different 
regions of the gas phase partial oxidation zone are fed with 
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different, homogenous feed mixtures to produce predeter¬ 
mined localized results. Specifically, a minority of the feed 
injection nozzles, such as up to about 25 c 'o thereof, may he 
designed to create a gaseous premix that has a slightly higher 
or lower than average oxvgen'methane ratio. For example, 5 
one out of every seven injection nozzles, representing the 
center injection nozzle in a hexagonal pattern, may be 
designed with larger oxygen orifices to dischargesa more 
oxygen-rich composition that would have higher flame 
speed, would be more difficult to extinguish, and thus would 10 
serve as a “pilot light” to prevent the reaction of the bulk 
mixture from being extinguished, particularly at the high g.i 4 
velocity associated with high reactor productivity. In 
addition, injection nozzles near the outer perimeter of the 
wide diameter injector face may be designed with larger 15 
methane orifices to discharge a more methane-rich compo¬ 
sition that would provide a cooler environment near the 
reactor walls m the partial oxidation zone, reducing heat loss 
and cost of reactor construction. A key feature of the present 
invention is that these localized stoichiometric variations are 20 
only present in a minority of the nozzles and can be designed 
into the injector assembly in a controlled fashion, for 
example the “pilot light” discussed above may be designed 
to provide gaseous premix at a precisely controlled oxygen 
(OJ/carbon ratio in the range of 0.75-1.5, and such oxygen-. 25 
rich composition mixture will be ejected into the partial 
oxidation zone as a highly mixed composition, free ot 
problems of hot spots and soot generation that occur with 
different diffusion flames. 

The hydrocarbon gas stream introduced to the mixer/ ijjf 
injector may contain components other than methane ami 
C 2 — C 4 hydrocarbons. Cither components, for example H.O 
and CO,, may be present in the hydrocarbon gas in relatively 
iarge amounts, such as from aliout 0.0 to 1.0 mol of 11,0 or 
CO, per carbon atom of the light hydrocarbon gas. Other 35 
components, for example, H,, CO, Ax, N ; , NH 3 , HCN, H,S, 
COS, CS,, organic sulfur-containing compounds, organic 
oxygenates, and C 5 +hydrocarbons may be present in lower 
concentrations, typically less than 0.10 mol of the compo¬ 
nent per carbon atom of the light hydrocarbon gas although 40 
higher levels may be present The oxygen-containing gas 
stream introduced to the mixer/injector may likewise contain 
components other than oxygen. These components are typi¬ 
cally N,, CO-,, H 2 0, and Ar. Some of these components, 
especially N 2 , CO,, and H-,0, may be present in major 45 
amounts, from 0.0 to 4.0 mol per mole of oxygen (0 2 ). Other 
components are typically present in lesser amounts, nor¬ 
mally less than 0.1 mol of component per mole O,. 

It will be recognized by those skilled in the art, that the 
gaseous premixes that are formed when the hydrocarbon 50 
stream and the oxidant stream are ejected into the mixing 
area of nozzle will not be perfectly mixed at the point of 
initial contact. In any real physical device, some time or 
distance will be required before perfect mixing is achieved. 

As used herein, the term “feed stream" means the individual 55 
streams, such as of hydrocarbon or oxygen containing gas, 
that are being fed to the mixing area or feed nozzle, and the 
term “gaseous premix” means the physical combination of 
these feed streams in a state that is highly mixed. Of greatest 
importance in the present invention is that the streams 60 
achieve a high degree of mixedrtess in a minimum amount 
of time and distance, before gas phase reactions begin to 
occur at any substantial level. In order to quantify this 
degree of mixedness, the measure “Efficiency of Mixing”, 
abbreviated as E„, is used. 65 

F t is calculated from the composition profile of the 
stream of the gaseous premix. Composition profiles can be 
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obtained by sampling the stream at many locations, or by use 
of other diagnostic tools. For example, imaging the 
Rayleigh-scattered light of a laser beam can, under properly 
controlled conditions, provide composition variations across 
partially mixed streams. The composition data is used to 
calculate how much of each individual feed stream is present 
at each location of the admixed stream. For example, if one 
is mixing air with methane, the oxygen and nitrogen mole 
fractions would be combined to represent the mole fraction 
of the air stream. 

For the case where hydrocarbon (abbreviated HC) and 
oxygen-containing (abbreviated OX) feed streams being 
mixed, we define E m using the following equation: 

Where X /ic and X ov represent mole fractions in the 
gaseous premix of hydrocarbon gas and oxygen-containing 
gas, and the subscripts “MIN” and “MAX” designate that 
these are the minimum and maximum ratios found in the 
gaseous premix. Thus, (X. ffc /X. ox ) MIjV represents the mini¬ 
mum HC/OX mole fraction ratios found in the composition 
profile. As so defined, E„ reaches a value of 1.0 when the 
gases are perfectly mixed, and will have a value of 0.0 if the 
stream has any locations that are completely unmixed (has 
a location where the composition is equal to that of either 
feed stream). 

In the practice of the present invention, the gaseous 
premix achieves a high degree of mixedness, quantified as 
E„,, in a minimum amount of time. We specify this rate of 
achieving high mixedness by specifying the distance down¬ 
stream of the injector at which a given level will be 
attained. Because injector sizes may vary greatly, and 
because mixing distances tend to scale linearly with injector 
size, we define the distance downstream of the injector in 
proportion to a critical nozzle dimension. In particular, wc 
define L as the distance downstream from the point of initial 
contact between the gases adjacent the floor of the mixing 
nozzle, and we define D as the diameter or similar dimension 
of the largest orifice through which either feed stream is 
introduced into admixture in the nozzle. D AV - is the diameter 
of the exit orifice feeding the gas stream that is most axial 
with the path of the gaseous premix, or most near the center 
of the injector or as the stream being introduced in the fewest 
number of orifices within the nozzle. It is preferred that 
mixing nozzles be used in the present invention that achieve 
an E m >75 '7c at a distance (L) downstream of L/D^. up to 
about 10, and generally between 1 to 6. It is more preferred 
that nozzles achieve E m >80% at this distance, and most 
preferred that the nozzles achieve E^>90% at this distance 
downstream. 

An important parameter defining the effectiveness of 
mixing is the "momentum ratio” of the streams being mixed. 
The momentum of a stream is defined as the product of the 
velocity of the stream as it is injected into the mixing zone 
multiplied by the stream’s mass rate. For efficient mixing the 
ratio of the momentums of the mixed streams should be 
comparable. Poor mixing performance can occur if the 
momentums of the streams are disparate. In the case of a 
mixing nozzle with axial injection of oxygen-containing gas 
and radiallv-or somewhat radially-injected hydrocarbon gas, 
the ratio of the momentum of the hydrocarbon gas to the 
momentum of the oxygen-containing gas is preferably in the 
range of O.5^F0, most preferably from 1.0-3.0. For the 
opposite case of axially-injected hydrocarbon gas and 
radially-or somewhat radially-injected oxygen-containing 
gas, the ratio of the momentum of the hydrocarbon gas to the 
momentum of oxygen-containing gas is in the range of 
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0-25—2.0, preferably from 0.33—1.0. Il is understood that if 
a gas is injected in more than one stream into a mixing 
chamber then the sum ot the momentums, or summed 
momenta, ot all ot the streams of the particular gas is used 
in the calculation of the momentum ratio. 

The present multi-orifice, large diameter injectors operate 
at extremely high speeds, up to sonic speeds, and discharge 
the separate gases, e.g., methane and oxygen, in a predeter¬ 
mined ratio from closely-spaced orifices, i.e., within up to 
about 0.5 inch of each other, into direct contact with each 
other within a plurality of small mixing nozzles or cups at 
the injector surfaces, or at an angle between about 60° up to 
about 180° relative to each other for intersecting contact or 
impingement and admixture immediately above the injector 
surface, for discharge or injection of the homogeneous 
preheated pressurized gaseous premix into the gas phase 
partial oxidation zone at extremely high velocity and at a 
pressure which is more than 1% or 3% or 593 lower lhan the 
lowest upstream pressure of eiiher of the gases. The dwell 
time of the gaseous premix within or immediately beyond 
the injector surface prior to injection into the partial oxida¬ 
tion reaction zone preferably is less than about 9 
milliseconds, more preferably less than about 2 
milliseconds, and most preferably less than 0.5 millisecond, 
to substantially avoid undesirable, gas phase reactions 
upstream of the gas phase partial oxidation zone. Also the 
velocity of the homogeneous gas mixture as it is ejected 
from the mixing nozzles is from about 25 to 1000 ft/sec, 
more preferably between about 50 to 500 ft/sec and most 
preferably between about 50 and 300 ft/sec, whereby effi- : 
cient syngas production is enabled by compact reactors of 
higher throughput than heretofore possible. 

As used herein, references to the velocity at which the 
gaseous premix is passed to the partial oxidation zone 
should be taken to mean the local gas velocity as the gaseous . ; 
premix leaves the mixing nozzles, and not some reactor- 
average superficial velocity 

The most critical feature of the high speed gas injectors of 
the present ArR apparatus is that they are designed to 
produce a drop or reduction of the initial gas pressure 4 
through the injector which is greater than 1%, preferably 
greater than 393 and possibly greater than about 5% of the 
lowest upstream gas pressure (PJ of either of the individual 
gas streams, which upstream pressure is normally between 
10 and 100 atmospheres, preferably between about 20 and 4 : 
50 atmospheres, i.e., the pressure reduction, or AP, or P„-P 
divided by the reaction chamber inlet pressure, or Pc, is 
>1%, preferably >393 and possibly >593 relative to the 
reaction chamber inlet pressure, rhis pressure drop causes 
the oxidation gas and the hydrocarbon gas to be drawn into sc 
more intimate admixture immediately in advance of injec¬ 
tion into the partial oxidation (POX) zone to form the 
desired stoichiometric gaseous premix containing between 
0.3 and 0.7 mols of oxygen per mol of methane, having a 
single carbon atom, or per carbon atom if the light hydro- 55 
carbon gas is one having more than one carbon atom. The 
pressure drop also improves the uniformity of flow of the 
gases through the injector to avoid instabilities. This is 
particularly important in the case of economically 
advantageous, very large reactors which employ a plurality 60 
of side-by-side mixers/injectors to supply the premix to the 
large-diameter reactor, most particularly in reactors contain¬ 
ing a gas phase partial oxidation zone preceding a steam 
reforming zone, which system is deleteriously affected by 
the soot formation and high temperatures that accompanies 65 
non-homogenous feed. The pressure drop as the gases pass 
through the injector results in a high gas mixing efficiency 
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9-rri) as close as possible to the face ot the injector to produce 
the gaseous premix of the gases having the desired stoichi¬ 
ometry immediately in advance of the passage of the gas¬ 
eous premix into the partial oxidation zone. The desired ratio 
5 of the hydrocarbon gas and the oxygen gas always has an 
excess of the hydrocarbon to prevent over-oxidation, exces¬ 
sive heat and soot formation. In cases where the ’mixing 
nozzles of the injector are tubular cups or wells recessed 
below the face surface o( the injector, the point of 75 to 9093. 
;0 ^occurs at a location which depends on the diameter (T)^ v ) 
of the most axial feed gas orifice into the cup or well fe 
occurs at an LT AV of 10 or less, such as 1 or 2. As 
mentioned, this mixing efficiency is enabled by the uniform 
pressure drop, or AP, as the gases pass through the isolated 
. small passages of the injector manifold and through the 
nozzle orifices to impinge at each of the mixing zones, 
chambers, or cups, and the uniformity of the pressure drop 
assures uniform continuous gas supply to each of the mixing 
nozzles or cups even when a plurality of injectors are 
assembled side by side and fed from common gas sources to 
20 feed very large diameter gas phase POX reaction chambers, 
rhe injection of the stoichiometric gas premixture down 
into the partial oxidation zone chamber of the reactor, spaced 
below the face of the injector and upstream of the catalytic 
steam reforming zone chamber of the reactor, allows the 
- partial oxidation reaction or combustion to take place at 
lower temperatures, without overoxidation and away from 
the face of the injector, to avoid thermal damage thereto. 
Then the partially oxidized gases pass into and through the 
catalytic steam reforming zone chamber to convert steam 
io and methane present in the reaction gases into useful syngas, 
namely hydrogen and carbon monoxide, which are recov¬ 
ered or further processed. 

It is an advantage of the present invention that the present 
apparatus enables a gas phase partial oxidation reaction that 
5 is fed by a more homogeneous or uniform supply of reactant 
gaseous premix composition. Because gaseous premix feed 
gas is a mixture of hydrocarbon and oxygen-containing 
streams that is very reactive, particularly reactive at the high 
pressures and temperatures desired for syngas generation, 
o the time available to mix gases before introducing them into 
the partial oxidation zone is very limited. Thus, we have 
discovered that the feed injectors of the present apparatus 
achieve high levels of E,„ in very short physical distances, on 
the order of inches, not feet, and achieve high E„ in short 
> EfD^- wherein D^- is the diameter of the axial stream 
orifice, usually the oxygen gas orifice, and L is the distance 
downstream from the point of initial contact between the 
gases, such as the base of the radial gas orifices adjacent the 
cup floor containing the axial gas orifice, which produces 
) new and unexpected advantages for the production of valu¬ 
able syngas. However, for the large scale reactors of com¬ 
mercial interest, use of a single nozzle injector would require 
a large D ^ at any reasonable injector velocity, and so 
achieving high E m in a short L/D AV is not sufficient. Thus, a 
critical feature of this invention is the use of an injector 
having a plurality of mixing nozzles or chambers or cups, 
which serves to reduce the injector dimensions (reducing 
^A.r) an d reduce the physical distance (and hence time I 
required to achieve a high degree of feed uniformity. 

Finally, the use of a plurality of injector nozzles presents 
the problem that multiple nozzles can interact and become 
unstable, and also presents the problem that multiple injector 
nozzles must all be fed at the same stoichiometry. Thus, a 
critical feature of this invention is the use of an elevated 
pressure drop or AP/P C for the feed streams in the nozzles to 
provide uniform, stable, and non-interacting flows of the 
gaseous premix into the partial oxidation zone. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic illustration of a compact 
injector/autothermal reforming apparatus according to one 
embodiment of the present invention; 

FIG. 2 is a cross-sectional side view ot a single nozzle 
section of a multi-jet face-mix injector useful in association 
with a syngas reactor according to the present invention; 

FIG. 3 is a plan view of the face surface and certain 
channels beneath the face surface of a multi-nozzle injector 
as illustrated in FIG. 1; to 

FIG. 4 is a perspective view of an individual injector of 
FIG. 2, according to one embodiment of the present inven¬ 
tion; and 

FIG. 5 ls a cross-sectional view taken along the line 5—5 
of FIG. 4. ~ is 

DETAILED DESCRIPTION OF THE DRAWINGS 
Referring to FIG. 1, the gas-injector,autothermal reform¬ 
ing reactor apparatus 10 thereof comprises an assembly of 
an upper multi-jet, face mix gas injector means 11 and a „ 0 
reaction chamber having an upper gas phase partial oxida¬ 
tion section 19, and a lower catalytic zone 12 and a down¬ 
stream syngas cooling recovery and/or processing unit 15. 

The plurality of jet nozzles or cups 14 at the exit face surface 
13 of the injector means 11 discharge directly into the partial , s 
oxidation section 19 to assure the uniform passage of a 
homogenous gaseous premix of the hydrocarbon and oxygen 
gases, in the desired predetermined oxygen (CLj/carbon (C/) 
ratio of about 0.3-0.8 preferably 0.45-0.7, into the partial 
oxidation section 19 and then into the catalytic zone 12. ~ () 

Separate methane supply conduit 17 and oxygen supply 
conduit 18 feed continuous streams of preheated, pressur¬ 
ized methane and oxygen into and through the manifold 
methane passages 23 and oxygen passages 22, respectively, 
for intermixing within the plurality of jet nozzles or cups 14 
at the face surface 13 of the injector means 11, or for angular 
impingement immediately beyond ihe face surface 13 of ihe 
injector means 11. ’lire methane passages 23 and oxygen 
passages 22 have exit orifices sized so that the pressure drop 
of each gas as it passes through these passages and onfices 40 
ls maintained at. a value that is more than 1% lower, 
preferably more than 3% lower, and possibly more than 5% 
lower than the lower of the upstream pressures (P u ) in the 
methane conduit 17 or the oxygen conduit 18 relative to the 
inlet pressure (P c ) to the POX section 19. Thus ensures even 45 
distribution of the hydrocarbon and oxygen gases to the 
plurality of jet nozzles or cups 14, ensuring that each jet 
nozzle or cup has the same oxygen/carbon ratio, which 
uniformity eliminates local hot spots, local soot formation, 
and reactor instabilities. 50 

IFiereafter the effluent from the partial oxidation section 
19 flows into and through the fixed catalyst bed 16 within the 
catalytic steam reforming section 12. Bed 16 preferably 
comprises a thermally-stable inorganic refractory oxide sup¬ 
port which is impregnated with steam reforming catalyst 55 
such as one or more metals from Group VIII of the Periodic 
Table, preferably one or more noble metaLs or nickel The 
steam reforming reaction is endothermic and draws heat 
from the POX effluent to cool the gases while it reacts steam 
and residual methane to form gases which are useful for the 60 
synthesis of other chemical compounds. 

The reaction of the gaseous premix within the partial 
oxidation zone 12 requires means to cause the initiation ot 
the reactions. Suitable means to initiate reaction in a gaseous 
partial oxidation zone include heating of the zone, as well as 65 
the introduction of a spark, plasma, or hot glow plug into the 
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It is preferred that the jet nozzles or cups 14 are sized so 
that the gas residence time of the mixture in the injector 
means 11 is substantially less than the autoignition delay 
time of the mixture, and preferably less than 9 milliseconds, 
more preferably less than 2 milliseconds, and most prefer¬ 
ably less than about 0.5 millisecond. This prevents reaction 
ol the gaseous premix in the gas phase within the injector 
means 11, and/or before becoming highly mixed, which 
reaction would proceed with excessive heat generation that 
ls damaging to the catalyst and the syngas reactor. 

’Hie injection of the present pre-heated and pressurized 
light hydrocarbon and oxygen gases into admixture in the 
desired proportions to form a pressure-reduced gaseous 
premixture, and then into the reaction zone 19 within a time 
period of less than 9, 2, or 0.5 millisecond is a preferred 
emtiodinient of the present autothermal reforming (ATR) 
process. In the present process it is essential for reduction of 
reactor size, soot formation, and hot spots to pre-form a 
gaseous premix of the desired stoichiometric ratio of the 
gases before injecting that homogenous gaseous premix into 
the partial oxidation reaction zone 19 since the pre-formed 
mixture has the desired stoichiometry for the most desirable 
syngas formation. It is highly advantageous for safety rea¬ 
sons when mixing pre-heated and pressurized gases, to 
create the premixture at a minimum of time before injection 
ot the homogenous gaseous premix into the partial oxidation 
reaction zone 19. 

Suitable feed injectors that meet the aforementioned 
requirements have been developed, for use in the aerospace 
industry. One such device Ls known as a microinjector or 
platelet burner. The principal of this injector is that many 
small mixing nozzles ("microjets”) are uniformly-spaced 
over one large diameter face. Any mixing approach can be 
used in the nozzles, but some will be more amendable to 
fabrication and to rapid mixing. A preferred approach is the 
use of nozzles called "triplets”, in which there is a central or 
axial flow of one reactant, such as an oxygen gas, through 
the oxygen passages of a manifold, and the second reactant, 
such as a hydrocarbon gas, is introduced in two opposed, or 
somewhat radial jets up to about 1 inch below the burner 
face through isolated methane passages of the manifold. An 
advantage of this triplet design as applied to the present 
process is that is has very good anti-flasfaback properties, 
which are highly desired for hot, high pressure CH^'O- 
mixing. FIGS. 2 and 3 illustrate such an injector, manifold, 
isolated gas passages, injector face, and suitable triplet 
mixing nozzles or cups. 

Injector face sections 30 of the type shown in FIG. 3 can 
be built in large diameters, with spacing of the mixing 
elements or cups 24 smaller than 1 inch Thus, to achieve 
homogeneous reaction premixes, mixing lengths and resi¬ 
dence times are kept very low. In a preferred embodiment, 
a minority of the feed injection nozzles 24 may be designed 
to be a different nozzle 28 that creates a gaseous premix 
having a slightly higher than average oxygen/methane ratio. 
One such pattern, wherein one out of six injection nozzles is 
a high-O-. nozzle 28 ("marked with a “*”) is shown in FIG. 
3. The presence of such nozzles 28, ejecting gaseous premix 
with an oxygen/carbon ratio of 0.75 to 1.5 can serve to 
prevent the reaction of the bulk mixture from being 
extinguished, particularly at the high gas velocity associated 
with higher reactor productivity. 

A preferred high velocity interior-mixing or recessed cup 
injector 20, developed for use in the aerospace industry, is 
illustrated by FIG. 2 of the present drawings and is illus¬ 
trated by FIGS. 3-6 of U.S. Pat. No. 3,881,701, the disclo¬ 
sure of which ls hereby incorporated herein by reference 
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thereto. However, the exterior-mixing injectors illustrated 
by FIGS. 1, 2 and 2a of U.S. Pat. No. 3,881,701 are also 
suitable’ tor use according to the present invention, wherebv 
the reactant gases impinge and mix immediately above or 
beyond the injector surface. The platelet-type injectors of 
this Patent are produced by forming line fluid-flow methane 
and oxygen passages on the surfaces of or within a plurality 
of thin metal plates 21 containing interconnecting bores in 
predetermined areas, and diffusion bonding the metal plates 
together to form injectors comprising manifolds containing 
fine isolated gas passages for oxygen and methane, which ' 
passages communicate at a plurality of inicrojet nozzles or 
cups 24 at a face surface 25 of the injector, or impinge 
immediately beyond the injector surface 25, to mix the gases 
and eject the gaseous premix at high velocity. 'Ifie present 
injector means 11 are gas delivery manifolds which are 1 
engineered to provide equal specified flow of both gases to 
all microjet nozzles or cups 24. 

Referring to FIG. 2, of the Drawings, the injector means 
20 thereof comprises a plurality of thin metal plates 21 
which are provided in predetermined areas thereof with 
segregated oxygen passages 22 and methane passages 23, 
respectively, which communicate with sources of oxygen 
and methane, respectively, under high temperatures and 
pressures (P„) The passages 22 and 23 divide the total flow , 
ol the individual gases into a very large number of precisely- 
metered, very small streams of the individual gases, which 
streams communicate within each of a plurality of mix-.ng 
nozzles or cups 24 which are open to the face surface 25 of 
the injector 20 means. Cups 24 are tubular, such as oval or 
cylindrical. 

The injector means 20 isolates the heated, pressurized 
streams of the methane and oxygen until they mix within the 
plurality of cups 24 and are injected as a gaseous premix at 
high velocity of 25 to 1000 ft/sec, more preferably 50 to 500 
ft/sec., most preferably 50 to 300 ft/sec., at a reduced 
pressure or a pressure drop of more than 1 %, preferably 
more than 3% however, and possibly more than 5% lower 
than the lowest upstream pressure (PJ relative to the inlet 
pressure (P c ) the partial oxidation reaction section 19 The < 
gaseous premix is passed directly into the POX reaction 
section 19 where the partial oxidation combustion reaction 
occurs, and the effluent passes into the catalytic steam 
reforming section 12 , where the steam reforming reaction is 
completed in contact with the fixed catalyst bed 16. The A 
formed syngas is collected in the recoverv/processin» unit 
15 

A further advantage of the gas mixers/injectors of FIG. 2 
is that one or both gases can be used to cool the face surface 
25 of the injector means 20 by heat exchange therewith to 5 
mitigate chemical damage and prevent heat damage thereto 
due to the proximity to the high temperature partial oxida¬ 
tion section 19, which has a temperature between abut 
1200°-1900° C\, preferably between about 1000°-1650° C. 

This cooling is accomplished by the circulation of the gas or 5 
gases, preheated to feed temperatures of )00°-7o6° C., 
preferably between 300° and 600° C., through circulation 
passages, such as 23, immediately below and parallel to the 
uppermost plate 21 forming the face surface 25 of the 
injector means 20 to cool the face surface 25 well below the 6( 
reaction temperature, such as 1400° C., within the POX 
reaction section 19, as the gas or gases pass through the 
manifold to the mixing cups 24. 

FIG. 2 illustrates a cup 24 which may have a diameter of 
about 0 . 10 " and a depth of about 0 . 10 " which may be 6 : 
doubled to an extended depth of about 0 . 20 ", for example. 

The methane gas inlets 23 are split inlets each having an exit 
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orifice width \V ot about 0.05" which inject hot pressurized 
methane gas flows horizontally from opposed sides of the 
cup 24 radially against the vertical flow of hot pressurized 
ox\ gen gas introduced through the central inlet 22 and exit 
5 orifice having a diameter of about 0.060", for example, to 
torin the homogeneous reactant gaseous premix which is 
ejected trom the cup 24 in less than 9 milliseconds, prefer¬ 
ably less than 2 ms, most preferably less than 0.5 ms. 

I I'jS. 4 and 5 illustrate an individual triplet mixing nozzle 
0 or cu p 50 as an alternative design for each cup 14 of FIG. 
1 or for each cup 24 of FIGS. 2 or 3. Referring to the triplets 
ot FIGS. 4 and 5, the somewhat radial horizontal methane 
supply conduits 51 and 52, each having a width W of about 
O.oO . are slightly offset relative to each other so that the 
_ inethane gas flows therefrom horizontally and tangentially 
against the vertical or axial oxygen gas flow from central 
vertical oxygen conduit 53 each have an exit orifice diameter 
, j ) A.v about 0.30", to cause the gas mixture to swirl within 
the mixing cup 50 as it is formed and ejected in less than 9 
ms. 'Ibe mixing cups 50 of FIGS. 4 and 5 have a design 
3 preferred for use in gas phase partial oxidation zones 19 
since the cup depth is only about 0.5 inch for a cup diameter 
ot about 0.5 inch. The larger injector of FIGS. 4 and 5 is 
more resistant to fouling, and thus may be preferred pro¬ 
vided that residence time limits within the injector are not 
exceeded. The gaseous prernix ejected from the mixing cup 
50 can be characterized for mixedness E„, at a plane 55 
located a distance I. downstream of the injector means, 
extending from the point of initial contact between the gases, 
e g., the lower level of the radial gas orifices, adjacent the 
30 fioor °f the mixing cup, as shown in FIG. 5. Preferred 
injectors achieve E m >75%, more preferably >809c> at down¬ 
stream distances L< 6 D^ V . 

It will be. apparent to those skilled in the art that the 
specific number, spacing and dimensions of the present 
35 nozzles can be varied depending upon the particular process 
being conducted and the dimensions of the reactor and the 
partial oxidation section 19 being used in association with 
the injector means 11 , and the size of the latter. 

For example the cup 24 of FIG. 2, preferably cylindrical, 
io can have a maximum diameter up to about one inch, 
preferably up to about one-hall inch, and a maximum depth, 
down to the methane inlets which is also up to about one 
inch. At these maximum dimensions, the diameter or width 
of the exit orifices of the oxygen inlet conduits 22 and of the 
3 methane inlet conduits 23 will be larger in order to provide 
sufficient gas volumes and pressures to maintain a methane- 
to-oxygen ratio which is greater than 1 , at least at the 
majority of the nozzles 24, to avoid over oxidation, espe¬ 
cially C 0 2 formation, in all areas of the reactor before 
0 combustion begins. 

Also, it is essential to maintain the gas pressure drop (AP) 
through the injector at a value which is more than 1 % lower, 
preferably more than about 3% lower, and possibly more 
than 5 r h lower than the lowest upstream pressure (P^) of 
5 either of the gases, relative to the inlet pressure (P .) existing 
within the POX section 19, i.e., (P„-P c )/P c is greater than 
15e, preferably greater than about 39F, and possibly greater 
than 59o, where P u is the lowest upstream gas pressure, 
A P = (fi\,-F’c) 15 pressure drop within the injector and Pc 
) is the inlet pressure of the partial oxidation section 19. The 
upper limit of this value can become unpractically high as 
the flow velocity through the injector means 11 approaches 
sonic. Generally the flow velocity is maintained within 
practical limits for economic reasons and to avoid flame 
• blow-out or catalyst bed attrition. Also lower flow velocity 
permits cooling of the POX gases by the endothermic steam 
reforming reaction, to protect the catalyst bed 12 . 
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According to a further embodiment of the present 
invention, the formed useful syngas is cooled, recovered and 
treated for use in further synthesis processing. Such treat¬ 
ment may include purification to remove the low amounts of 
ammonia and hydrogen cyanide produced in the partial 
oxidation process. Suitable processes for removing ammo¬ 
nia and hydrogen cyanide from gaseous streams are well 
known in the art. The removal of ammonia and hydrogen 
cyanide may be effected in a single stage or in a plurality of 
stages. The cooling step may be effected before or after the 
purification treatment steps, as appropriate to accommodate 
preferred temperatures of the treatment process. Small 
amounts of hydrogen may be separated out of the syngas for 
use in a hydrocarbon upgrading stage. 

The treated syngas may be used in processes that produce 
methanol and methanol based products, hydrocarbon syn¬ 
thesis (HCS) products such as liquid hydrocarbons, olefins, 
alcohols and aldehydes, oxo-synthesis products, ammonia 
and ammonia based fertilizers and chemicals, town gas or 
reduction gas used for the production of sponge iron, etc. 

In a conventional hydrocarbon synthesis (HCS) process, 
liquid and gaseous hydrocarbon products are formed by 
contacting the present syngas comprising a mixture of IL 
and CO with a suitable Fischer-Tropscb type HCS catalyst, 
under shifting or non-shifting conditions. Suitable Fiscber- 
Tropsch catalysts comprise one or more Group VIII catalytic 
metals such as Fe, Ni, Co, Ru, and Re. In one embodiment, 
the catalyst comprises catalytically effective amounts of Co 
and one or more of Re, Ru, Fe, Ni, Th, Zr, Hf, U, Mg, La 
on a suitable inorganic support material, preferably one 
which comprises one or more refractory metal oxides. 
Preferred supports for cobalt-containing catalysts comprise 
titania, particularly when employing a slurry HCS process in 
which higher molecular weight, e.g., C 10< . products, prima¬ 
rily paraffinic liquid hydrocarbon products are desired. 

The hydrocarbon products produced by an HCS process 
according to an embodiment of the present invention are 
typically upgraded to form suitable products such as, syn¬ 
thetic crude oil, liquid fuels (e.g., jet and diesel), or 
lubricating, industrial or medicinal oil, waxy hydrocarbons, 
olefins (by, e.g., catalytic cracking or steam cracking). These 
processes are well known to those skilled in the art and need 
not be described here. All or a portion of the HCS products 
can be fractionated and then converted in one or more steps 
with or without a suitable catalyst or in the presence of 
hydrogen or both. Hydroconversion is usually preferred and 
includes mild hydrotreating (minimal branching) to make 
pumpable liquids, hydroisomerization (somewhat more 
branching, e.g., 25—65%, and preferably mono-methvl 
branching) for making distillates such as jet fuels and diesel 
fuels, and more severe hydroisomerization (wherein virtu¬ 
ally all, e.g., less than 10 wt % and preferably less than 5 wt 
% of the feed remains unconverted) to make lube oils. These 
processes are also well known and reported in the literature 
m so far as catalysts and reaction conditions are concerned. 

The foregoing description is only illustrative of the inven¬ 
tion. Accordingly, the present invention is intended to 
embrace all alternatives, modifications and variances which 
fall within the scope of the appended claims. 

What is claimed is: 

1. An autothermal process for the partial oxidation and 
steam reforming of hydrocarbons to form synthesis gas 
containing hydrogen and carbon monoxide, comprising pro¬ 
viding individual streams of hydrocarbon gas and oxygen or 
an oxygen-containing gas, each stream being at independent 
elevated temperatures and pressure of 10-100 atmospheres, 
injecting said individual streams into admixture with each 
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other through an injector means having a plurality of mixing 
nozzles and having separate passages for the hydrocarbon 
gas and the oxygen or oxygen containing gas, the pressure 
drop in the passages being at least 1% of the lowest upstream 

5 pressure of either of said gases, passing the resulting gaseous 
premix from the plurality of mixing nozzles into a partial 
oxidation reaction zone in less than 9 milliseconds after the 
pre-mix is formed to form a partially oxidized gaseous 
reaction mixture, passing the partially oxidized reaction 
mixture into a catalytic steam reforming zone to produce 
said synthesis gas, and recovering said synthesis gas. 

2. The process of claim 1 in which the resulting gaseous 
premix has a pressure drop of at least 3%. 

3. The process of claim 1 in which the resulting gaseous 
premix has a pressure drop of at least 5%. 

15 4. The process according to claim 1 in which the steam 

reforming zone comprises a fixed arrangement of steam 
reforming catalyst containing one or more metals from 
Group VIII of the Periodic 'Fable. 

5. The process according to claim 4 in which said steam 

20 reforming catalyst is supported on a honeycomb ceramic or 

metallic monolith or porous foam carrier. 

6. The process of claim 4 in which said metals are selected 
from the group consisting of platinum, rhodium, and nickel. 

7. The process of claim 4 in which the catalyst comprises 

25 inorganic refractory oxide carrier particles supporting the 

catalyst. 

8. The process of claim 1 in which each mixing nozzle 
comprises a mixing cup recessed below the face surface of 
the injector device into which cups the gas streams are 

30 separately introduced through individual gas orifices and 
impinged to form said premix. 

9. The process of claim 8 in which one of the gases is 
injected from an axial onfice having a diameter (D AV ) as an 
axial stream and the other gas is injected from one or more 

35 radial or somewhat radial gas orifices as one or more radial 
streams which impinge upon the axial stream to form the 
gaseous premix. 

10. The process of claim 9 in which the oxygen or 
oxygen-containing gas is injected as the axial stream and the 

40 hydrocarbon gas is injected as the radial stream(s). 

11. The process of claim 9 wherein the ratio of the 
summed momenta of the radially injected streams to the 
momentum of the axial stream is within the range of 0.5—4.0. 

12. The process of claim 9 wherein the efficiency of the 

45 mixing (E m ) of the individual gases is at least 75% when the 

gaseous premix is at a distance (L) which is up to ten times 
the diameter (D^) of the gas orifice of the axial stream. 

13. The process according to claim 9 which comprises 
introducing said somewhat radial gas streams as opposed but 

so offset streams which impinge the axial stream tangentially to 
product a swirling gas mixture within the mixing cups. 

14. The process of claim 1 wherein each of the mixing 
nozzles comprises a tubular cup recessed in the face surface 
of the injector means, comprising injecting one of the gases 

55 into the cup as an axial stream through an axial orifice 
having a diameter (D^.) in the bottom of the cup, and 
injecting the other gas into the cup as at least two opposed 
radial streams through opposed radial orifices in the side 
wall of the cup to form a gaseous premix having an E m >75% 

60 at a downstream distance (L) which is up to about six times 
the diameter (D^) of the axial gas orifice. 

15. The process of claim 1 which comprises passing the 
gaseous premix into the partial oxidation reaction zone at a 
velocity between about 25 to 1000 feet/sec. 

65 16. The process according to claim 1 in which the molar 

proportions of oxygen (CL) per number of carbon atoms in 
the hydrocarbon are between 0.3 and 0.8 to 1 
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17. Ilie process according to claim 16 wherein up to about 
25% of the mixing nozzles are designed to inject a gaseous 
premi.x having molar proportions ot oxygen per carbon atom 
of the hydrocarbon gas between 0.75 and 1.5 to 1.0 to 
provide a minority of spaced nozzles emitting a more : 
oxygen-rich gaseous premix. 

18. The process according to claim 1 which comprises 
passing the gaseous premix in less than 2 milliseconds after 
the mixture is formed. 

19- The process according to claim 18 which comprises n 
passing the gaseous premix in less than 0.5 milliseconds 
after the mixture is formed. 

20. 1 he process according to claim 1 which comprises 
using an injector means comprising a gas manifold 
assembled from a plurality of thin metal plates forming i: 
therebetween or therein and/or therethrough a plurality of 
segregated gas passages for supplying the individual gases 
through said orifices into said mixing nozzles at the face 
surface of the injector means. 

21. The process according to claim 20 which comprises 2 C 
assembling said plates by diffusion-bonding them together. 

22. The process according to claim 20 which comprises 
providing a plurality of said gas passages beneath and 
parallel to the metal plate forming the face surface of the 
injector means, and circulating at least one of the gases 25 
through said gas passages to cool the face surface of the 
injector by heat exchange. 

23. Process according to claim 1 which comprises the step 

ot further processing the recovered syngas via the Fischer- 
Tropsch reaction to produce liquid hydrocarbons. 20 

24. Process according to claim 23 which comprises the 
further step of reacting said liquid hydrocarbons by hydro¬ 
conversion to produce useful products. 

25. An autothermal apparatus for the partial oxidation and 
steam reforming of hydrocarbon gas to convert such gas to 35 
useful synthesis gas containing hydrogen and carbon 
monoxide, comprising injector means having a manifold 
containing a plurality of segregated passages for injecting 
heated and pressurized individual streams of the hydrocar¬ 
bon gas and oxygen or an oxygen-containing gas into 40 
admixture with each other in the desired molar proportions 
through individual orifices into a plurality of mixing nozzles 
which are spaced over the face of the injector while pro¬ 
ducing a drop in the pressure of said gases, through said 
injector, to produce a gaseous premix having a pressure 45 
which is at least 1% lower than the lowest upstream pressure 

of either of said gases, and for passing the formed gaseous 
premix into a partial oxidation reaction zone in less than 9 
milliseconds after the formation of the pre-mix to form a 
partially oxidized gaseous reaction mixture in said zone, and 50 
a reaction chamber comprising said partial oxidation reac¬ 
tion zone for reacting the gaseous premix to produce the 
partially oxidized gaseous reaction mixture, a downstream 
steam reforming reaction zone containing a steam reforming 
catalyst in fixed arrangement for receiving the partially 55 
oxidized gaseous reaction mixture and reacting any hydro¬ 
carbon gas and steam present therein to form said useful 
synthesis gas, and means for recovering the formed synthe¬ 
sis gas from said reactor. 

26. An apparatus according to claim 25 in which the steam 60 
reforming reaction zone comprises inorganic refractory 
oxide carrier particles supporting the steam reforming cata¬ 
lyst. 
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27. An apparatus according to claim 25 in which the steam 
reforming catalyst composes one or more metals from 
Group VIII of the Periodic Table. 

28. An apparatus according to claim 27 in which said 
; metal is selected from the group consisting of platinum, 

rhodium, and nickel. 

29. An apparatus according to claim 25 in which the 
injector means is designed to produce a gaseous premix 
having a pressure drop of at least 3% of the lowest upstream 

J pressure of either of the gases, relative to the pressure in the 
inlet of the reaction chamber. 

30. z\n apparatus according to claim 25 in which the 
injector means is designed to produce a gaseous premix 
having a pressure drop of at least 5% of to the lowest 

> upstream pressure of either of the gases, relative to the 
pressure in the inlet of the reaction chamber. 

31. An apparatus according to claim 25 in which the 
injector means is designed to pass the gaseous premix into 
the partial oxidation reaction zone within about 2 milliscc- 

) onds after the mixture is formed. 

32. An apparatus according to claim 25 in which the 
injector means is designed to pass the gaseous premix into 
the partial oxidation reaction zone within about 0.5millisec- 
onds after the mixture is formed. 

33. An apparatus according to claim 25 in which each of 
said mixing nozzles comprises a tubular mixing cup having 
a bottom orifice having a diameter (D^ v ) for admitting an 
axial flow of oxygen or an oxygen-containing gas and 
having opposed side orifices for admitting somewhat radial 
flows of the hydrocarbon gas to form the gaseous premix 
within the cup, open to the partial oxidation zone. 

34. An apparatus according to claim 25 in which the said 
injector means comprises a manifold assembled from a 
plurality of thin plates forming therebetween or therein 
and/or therethrough a plurality of segregated passages for 
supplying the individual gases through individual gas ori¬ 
fices into the mixing nozzles present at the face surface of 
the injector. 

35. The apparatus according to claim 34 in which said 
plates are diffusion-bonded together. 

36. An apparatus according to claim 34 in which said 
manifold comprises a plurality of gas passages beneath and 
parallel to the plate forming the face surface thereof to cool 
said face surface by heat-exchange. 

37. An apparatus according to claim 33 wherein the 
injector means is designed to provide an efficiency of mixing 
95J of the individual gases of at least 75% when the 
gaseous premix is at a distance (L) which is up to ten times 
the diameter (D^) of the gas orifice of the axial stream. 

38. The apparatus according to claim 33 in which said 
opposed side orifices are radially-offset relative to each other 
so that the somewhat radial flows of the hydrocarbon gas 
impinge the axial flow tangentially to cause the formed gas 
mixture to swirl within each cup. 

39 An apparatus according to claim 25 in which said 
injector means is adapted to pass said gaseous premix into 
the partial oxidation reaction zone at a velocity between 
about 25 and 1000 ft/sec. 

40. An apparatus according to claim 25 in which the molar 
proportions of oxygen (0 2 ) per number or carbon atoms in 
the hydrocarbon gas are between 0.3 and 0.8. 

* * * * * 


